Freezing, dehydration, and supercooling cause microtubules in mesophyll cells of spinach (Spinacia oleracea L. cv Bloomsdale) to depolymerize (ME Bartolo, JV Carter, Plant Physiol [1991] 97: 175-181). The objective of this study was to determine whether the LT50 (lethal temperature: the freezing temperature at which 50% of the tissue is killed) of spinach leaf tissue can be changed by diminishing the extent of microtubule depolymerization in response to freezing. Also examined was how tolerance to the components of extracellular freezing, low temperature and dehydration, is affected by microtubule stabilization. Leaf sections of nonacclimated and cold-acclimated spinach were treated with 20 micromolar taxol, a microtubule-stabilizing compound, prior to freezing, supercooling, or dehydration. Taxol stabilized microtubules against depolymerization in cells subjected to these stresses. When pretreated with taxol both nonacclimated and cold-acclimated cells exhibited increased injury during freezing and dehydration. In contrast, supercooling did not injure cells with taxol-stabilized microtubules. Electrolyte leakage, visual appearance of the cells, or a microtubule repolymerization assay were used to assess injury. As leaves were cold-acclimated beyond the normal period of 2 weeks taxol had less of an effect on cell survival during freezing. In leaves acclimated for up to 2 weeks, stabilizing microtubules with taxol resulted in death at a higher freezing temperature. At certain stages of cold acclimation, it appears that if microtubule depolymerization does not occur during a freeze-thaw cycle the plant cell will be killed at a higher temperature than if microtubule depolymerization proceeds normally. An alternative explanation of these results is that taxol may generate abnormal microtubules, and connections between microtubules and the plasma membrane, such that normal cellular responses to freeze-induced dehydration and subsequent rehydration are blocked, with resultant enhanced freezing injury.
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Microtubules are dynamic structures, existing in an equilibrium between soluble tubulin subunits and the polymerized filament. Several chemical compounds, ions, and environmental conditions shift the equilibrium toward depolymerization (8 Freezing promotes microtubule depolymerization in several plants including onion (4) , rye (10), spinach (3), and winter rape (Boyang Chu, personal communication). Low temperature also promotes microtubule depolymerization in a variety ofplant species (3, 4, 10, 14) . The implications of microtubule depolymerization induced by low temperature and freezing, however, are not well known. In an animal system, Aszalos et al. (1) found that microtubule depolymerization increased the fluidity of the plasma membrane, a change associated with increased low temperature tolerance in plants. Similarly, in maize protoplasts microtubule depolymerization increased the lateral diffusion of membrane lipids and proteins (6) .
Freeze-induced dehydration, like low temperature, is one of the stresses associated with extracellular freezing. Freezeinduced dehydration is a causal factor in freezing injury and influences several cellular processes and cell components (1 1). Little is known, however, about the effects of freeze-induced dehydration or dehydration in general on microtubules. In mesophyll cells of spinach, microtubule depolymerization is a characteristic response to extracellular freezing and dehydration (3) . The implications of microtubule depolymerization during a dehydration stress are unknown.
A number of compounds are known to promote microtubule polymerization or depolymerization (5) . Taxol, a taxane alkaloid derived from the western yew, Taxis brevifolia (16) , stabilizes microtubules at sub-stoichiometric concentrations relative to tubulin concentration. It stabilizes microtubules in the mitotic spindle (2, 9) and cytoplasm (12) , in root-tip cells of rye (10) , and stabilizes in vitro microtubules from several species (5, 13) . The finding that root-tip cells of rye containing taxol-stabilized microtubules are less freezing-tolerant than are non-taxol-treated controls (10) suggests that microtubule depolymerization during freezing may have important consequences.
In this study, microtubules were stabilized with taxol in mesophyll cells of nonacclimated and cold-acclimated spinach in vivo. Microtubule stability was then examined during extracellular freezing, exposure to low temperature, and dehydration. Differences in cell survival and appearance were correlated with microtubule stabilization.
MATERIALS AND METHODS

Plant Material
Spinach plants (Spinacia oleracea L. cv Bloomsdale) were grown as previously described (3) . The cold acclimation period was two weeks except where noted. 
Taxol Treatment
The lower cuticle and epidermis were manually stripped from leaves and 4 mm2 sections were excised from the peeled area. The tissue pieces were then placed peeled-side-down on solutions of 20 uM taxol (made from 10 mm stock in DMSO) or control solutions (containing an equivalent amount of DMSO) for 1 h after 5 min of vacuum infiltration.
Freezing, Supercooling, and Dehydration All treatments were conducted as previously described (3). Each experiment was repeated four or more times except where noted.
Repolymerization Assay
Leaf sections that had been exposed to freezing, supercooling, or dehydration were fixed under those stressed conditions or they were fixed 1 to 2 h after the tissue had been warmed to room temperature or rehydrated on distilled water. Repolymerization of microtubules was assayed by comparing the microtubule arrays in cells that were stressed to those in cells in which the stress had been relieved.
Indirect Immunofluorescence Microscopy
The presence of intact microtubule arrays was assessed via indirect immunofluorescence microscopy with antitubulin antibodies based on a procedure by Wick and Duniec (17) as described by Bartolo and Carter (3) . Microtubule polymerization status (index of polymerization) was determined using a system described earlier (3) .
RESULTS
Freezing Tolerance of Leaf Sections and the Effect of Taxol on the Cold Stability of Microtubules
Relative to control treatments, taxol stabilized microtubules against depolymerization in cells subjected to freezing in both nonacclimated and cold-acclimated cells (for an example see Fig. 1 ). Nonacclimated leaf tissue has little inherent freezing tolerance, the LT503 or killing point being near -2°C as measured by electrolyte leakage. (Although the increase in freezing tolerance of Spinacia oleracea cv Bloomsdale we observed during cold acclimation, 6°C (Table I) , is equivalent ' Abbreviation: LT5,, the temperature at which 50% of the population is killed.
to that reported by Fennell et al. (7), the absolute value for the LT50 of non-acclimated plants is about 4°C higher in our study than in theirs. We assume that small differences in growth conditions between the two studies are responsible for this difference in LT50.) The killing point was not changed by taxol treatment in nonacclimated tissue. In cold-acclimated tissue, however, electrolyte leakage during freezing was measurably increased when tissue was treated with taxol prior to freezing ( Table I ). The LT50 was -6°in nontreated tissue and -4°C in taxol-treated tissue. As well as having more electrolyte leakage, taxol-treated cells had an irregular shape and a compaction of microtubules near the cell perimeter (Fig. 2) . These observations were in plants acclimated for 2 weeks; however, electrolyte leakage changes were also measured in plants exposed to 3 and 4 weeks of cold acclimation. Prolonged exposure to cold-acclimating conditions diminished the change in LT50 seen with tissue treated with taxol. After 3 weeks of cold acclimation the change in killing point was 1°C and after 4 weeks there was no difference in killing point between nontreated and taxol-treated leaf tissue (Table I) .
As mentioned above, there was no difference in freezing tolerance between nonacclimated nontreated tissue and nonacclimated tissue treated with taxol when electrolyte leakage was used as the viability assay. Nonetheless, more injury could be discerned in taxol-treated tissue if microtubule repolymerization was examined. Taxol partially stabilized microtubules against freeze-induced depolymerization while microtubules in nontreated control cells characteristically depolymerized (Fig. 3A) . After warming from freezes to -2 and -4°C, microtubules in nontreated cells repolymerized to a greater degree than those in taxol-treated cells, and after warming from a freeze to -6°C, microtubules in taxol-treated cells remained depolymerized while those in nontreated control cells repolymerized (Fig. 3B) . In addition to the differences in (Fig. 5, A and C) . By comparing Figure 5 , A with B, and C with D, the effect of rehydration on taxol-treated tissue becomes evident. During the course of the rehydration period, nonacclimated tissue remained mostly flaccid. Taxol-treated nonacclimated cells dehydrated to a simulated -4°and -60C contained microtubules (Fig. 5A) . After rehydration, however, these cells were not able to maintain their microtubule arrays. The effect is more pronounced on acclimated tissue. Cold-acclimated cells without taxol treatment showed significant depolymerization at simulated -2°, -40, and -60C dehydrations (Fig. 5C ), 4 , A and C), no injury was detected as measured by electrolyte leakage (data not shown) or repolymerization (Fig. 4, B 
[SIMULATED TEMPERATURE (°C)] tubule arrays at these dehydrations (Fig. 5C ). Upon rehydration, acclimated cells that had not been pretreated with taxol showed significant recovery of microtubules, but taxol-treated cells dehydrated to simulated -4°and -60C were not able to maintain these arrays upon rehydration (Fig. 5D ). In addition, dehydrated cells with taxol-stabilized microtubules had an irregular morphology similar to frozen cells (Fig. 6 ).
DISCUSSION Taxol Decreases Freezing Tolerance
Taxol had four detectable effects on microtubules in spinach mesophyll cells. First, microtubule arrays in taxol-treated cells were fuller than in control cells, indicating that taxol stimulated formation of additional microtubules. Second, interactions between microtubules such as bundling and asters (Fig. 1A) were noticeably more abundant in taxol-treated than in control cells. Third, taxol stabilized microtubules against dehydration-induced depolymerization. Fourth, taxol treatment stabilized microtubules during extracellular freezing in both nonacclimated and cold-acclimated cells. Taxol had no general cytotoxic effect on spinach leaf tissue, as evidenced by no electrolyte leakage resulting from 24 h of exposure to taxol. Also, exposure to low, nonfreezing temperatures did not damage taxol-treated cells as evidenced by their survival after supercooling as determined by electrolyte leakage, visual appearance of the cells, and the ability for microtubules to repolymerize.
When microtubules in cold-acclimated cells were stabilized by taxol treatment there was a decrease in freezing tolerance of the tissue as measured by electrolyte leakage. We were unable to resolve similar differences in nonacclimated tissue using electrolyte leakage because of its high (-2°C) LT50 . As an alternative, we examined microtubule repolymerization as a means of assessing injury. In previous work, we saw that microtubule repolymerization after freezing reflects viability (3, 4) . For example, microtubules in both nonacclimated and cold-acclimated spinach cells depolymerized when frozen to -2°C but repolymerized 1 h after thawing at 23°C. The microtubules in cold-acclimated cells recovered fully after the initial freeze-induced depolymerization. In contrast, microtubules were not present in nonacclimated cells fixed and immunostained 20 h after the initial freeze (3). The amount of polymerized tubulin 20 h after a freeze directly corresponded to electrolyte leakage measurements. Tissue with less polymerized tubulin had more injury. In this study, by looking at the extent of microtubule repolymerization 1 to 2 h after thawing we were able to resolve differences in injury between nontreated control tissue and taxol-treated tissue at -2, -4, and -6°C before lethal injury was manifested. Using this assay, we saw that injury was hastened when nonacclimated tissue was treated with taxol.
Changes that occur in the third and fourth weeks of cold acclimation do not affect the response of microtubules to taxol; they are still stabilized (data not shown). But the extended acclimation does eliminate the injurious effects of freeze-induced dehydration on cells with taxol-stabilized microtubules.
Stabilizing Microtubules with Taxol Alters Cellular Response to Dehydration, Not Low Temperature Extracellular freezing is composed of low temperature and dehydrative stresses. The increased freezing injury in cells with taxol-stabilized microtubules may involve different contributions from low temperature and dehydration components. For example, low temperature alone could cause injury. Microtubule depolymerization induced by low temperature may alter the fluidity of the plasma membrane. In animal cells (1) and maize protoplasts (6), plasma-membrane fluidity was increased when microtubules were depolymerized. If spinach responds similarly, preventing low temperature-induced microtubule depolymerization by pretreatment with taxol could prevent the increase in plasma-membrane fluidity.
In this study, however, low temperature alone had no detrimental effects on cells with stabilized microtubules. Even for nonacclimated cells supercooled to -6°C, when taxol-treated cells were compared to non-taxol-treated cells there were no differences in electrolyte leakage, microtubule repolymerization characteristics, or cellular appearance.
Dehydrated cells treated with taxol had an irregular shape and appearance. Also, after rehydration, microtubules in taxol-treated cells were not able to repolymerize as did those in nontreated control cells. Because of interference of the osmoticum with conductivity measurements, electrolyte leakage was not used to estimate injury in dehydrated cells. Nonetheless, the effect of dehydration on cells with stabilized microtubules was similar to that of freezing as assayed with immunofluorescence microscopy.
Stabilizing Microtubules with Taxol Interferes with Cellular Response to Freeze-induced Dehydration
The low temperature experienced during freezing does not induce injury in cells with taxol-stabilized microtubules. Rather, injury is a result of freeze-induced dehydration of cells containing taxol-stabilized microtubules. More specifically, the injury seems to be associated with the rehydration that accompanies thawing. Since electrolyte leakage is a direct result of this injury, the injury must include the plasma membrane (15) . The normal interaction between plasma membrane and microtubules may be enhanced or stabilized as a result of the abnormal microtubule arrays formed in response to taxol, affecting the normal response ofthe plasma membrane to freeze-induced dehydration. Thus, the injurious effect oftaxol may be to create abnormal interactions between plasma membrane and microtubules, not merely to prevent depolymerization of normal microtubules. The preponderance of microtubules at the extreme periphery oftaxol-treated cells following dehydration (Fig. 2b) accords with this hypothesis.
CONCLUSIONS
Our results are not inconsistent with the change in LT5o from -9°to -3°C in root-tip cells of rye following taxol treatment (10) . Based on the rye study the suggestion was made that microtubule depolymerization during freezing may be necessary if the tissue is to survive to its normal LT5o (10). As we have pointed out here there are other possible explanations for the observed change in LT50 following taxol treatment. The cause of this effect is under investigation.
